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METHODS OF FORMING A
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of U.S. patent application
Ser. No. 16/109,215, filed Aug. 22, 2018, now U.S. Pat. No.

10,707,215, 1ssued Jul. 7, 2020, the disclosure of which 1s
hereby incorporated herein 1n its entirety by this reference.

TECHNICAL FIELD

Embodiments of the disclosure relate to the field of
semiconductor device design and fabrication. More speciii-
cally, embodiments of the disclosure relate to methods of
forming semiconductor device structures including air gaps,
and to related semiconductor devices, memory devices, and
clectronic systems.

BACKGROUND

Semiconductor device designers often desire to increase
the level of integration or density of features within a
semiconductor device by reducing the dimensions of the
individual features and by reducing the separation distance
between neighboring features. In addition, semiconductor
device designers often desire to design architectures that are
not only compact, but offer performance advantages, as well
as simplified designs.

A relatively common semiconductor device 1s a memory
device. A memory device may include a memory array
having a number of memory cells arranged 1n a grid pattern.
One type of memory cell 1s a dynamic random access
memory (DRAM). In the simplest design configuration, a
DRAM cell includes one access device, such as a transistor,
and one storage device, such as a capacitor. Modern appli-
cations for memory devices can utilize vast numbers of
DRAM unit cells, arranged 1n an array of rows and columns.
The DRAM cells are electrically accessible through digit
lines and word lines arranged along the rows and columns of
the array.

Reducing the dimensions and spacing of memory device
features places ever increasing demands on the methods
used to form the memory device features. For example,
DRAM device manufacturers face a tremendous challenge
on reducing the DRAM cell area as {feature spacing
decreases to accommodate increased feature density. Reduc-
ing spacing between closely arranged digit lines can lead to
undesirable electrical coupling (e.g., capacitive coupling)
ellects that can result 1n significant sense margin loss for
high-speed DRAM applications. One approach to reducing,
such undesirable electrical coupling eflects has been to form
air gaps (e.g., voids spaced) adjacent the digit lines of the
array. However, conventional processes of forming such air
gaps can undesirably attack (e.g., etch) the conductive
matenal (e.g., metal) of other features (e.g., redistribution
layer (RDL) structures) of the array located proximate the
air gaps. Such attack can eflectuate reduced feature and
device reliability, often resulting 1n the deposition of the
conductive material within the air gaps that can eflectuate
clectrical shorts during use and operation of the DRAM
device.

A need, therefore, exists for new, simple, and cost-
ellicient methods of forming semiconductive device struc-
tures for a semiconductor device (e.g., a DRAM device),
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such as, for example, DRAM device structures including air
gaps adjacent digit lines thereof.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIGS. 1 through 11 are simplified, partial cross-sectional
views 1llustrating a method of forming a semiconductor
device structure, 1n accordance with embodiments of the
disclosure.

FIG. 12 1s a functional block diagram of a memory device,
in accordance with an embodiment of the disclosure.

FIG. 13 1s a schematic block diagram of an electronic
system, 1n accordance with an embodiment of the disclosure.

DETAILED DESCRIPTION

Methods of forming semiconductor devices are described
heremn, as are related semiconductor devices, memory
devices, and electronic systems. In some embodiments, a
method of forming a semiconductor device comprises form-
ing a semiconductive device structure comprising laterally
alternating semiconductive pillars and digit lines, nitride
caps on or over the digit lines and having upper surfaces
oflset from (e.g., elevated relative to) upper surfaces of the
semiconductive pillars, a low-K dielectric material laterally
adjacent the digit lines, an oxide dielectric material laterally
adjacent the low-K dielectric material, and a first mitride
dielectric matenial laterally adjacent the low-K dielectric
material. Portions of the oxide dielectric material may be
selectively removed to recess the oxide dielectric material
relative to the upper surfaces of the semiconductive pillars.
A second nitride dielectric material may be formed (e.g.,
conformally formed) on or over exposed surfaces of the
semiconductive pillars, the nitride caps, the low-K dielectric
material, the oxide material, and the first nitride matenal.
Portions of the second nitride dielectric material and the
semiconductive pillars may be selectively removed (e.g.,
anmisotropically etched) to form nitride dielectric structures
and further recess the semiconductive pillars. Redistribution
material (RDM) structures (also referred to as “redistribu-
tion layer (RDL) structures”) may be formed on or over
exposed surfaces of the semiconductive pillars, the nitride
dielectric structures, and the nitride caps. Portions of the
nitride structures not covered by the RDM structures may be
selectively removed to partially uncover (e.g., expose) the
oxide dielectric material. A third mitride dielectric material
may be formed on or over exposed surfaces of the RDM
structures, the nitride dielectric structures, and the oxide
dielectric maternial. Portions of the third nitride dielectric
material overlying the oxide dielectric material may be
selectively removed (e.g., anisotropically etched) to again
partially uncover (e.g., expose) the oxide dielectric matenal.
Portions of the oxide dielectric material may then be selec-
tively removed (e.g., exhumed) to form air gaps laterally
between the digit lines and remainders of the semiconduc-
tive pillars. An 1solation material may be formed (e.g.,
non-conformally formed) on or over exposed surfaces of the
RDM structures and the third dielectric nitride material
while substantially maintaining (e.g., not filling) the air
gaps. The methods of the disclosure may facilitate increased
reliability and performance 1 semiconductor device struc-
tures (e.g., DRAM device structures, such as DRAM cells),
semiconductor devices (e.g., memory devices, such as
DRAM devices), and electronic systems that rely on high
teature density.
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The following description provides specific details, such
as material types, material thicknesses, and processing con-
ditions 1n order to provide a thorough description of embodi-
ments of the disclosure. However, a person of ordinary skall
in the art will understand that the embodiments of the
disclosure may be practiced without employing these spe-
cific details. Indeed, the embodiments of the disclosure may
be practiced 1n conjunction with conventional fabrication
techniques employed 1n the industry. In addition, the
description provided below does not form a complete pro-
cess flow for manufacturing a semiconductor device. The
semiconductor device structures described below do not
form a complete semiconductor device. Only those process
acts and structures necessary to understand the embodiments
of the disclosure are described 1n detail below. Additional
acts to form the complete semiconductor device from the
semiconductor device structures may be performed by con-
ventional fabrication techniques. Also note, any drawings
accompanying the application are for illustrative purposes
only, and are thus not drawn to scale. Additionally, elements
common between figures may retain the same numerical
designation.

As used herein, the term “configured” refers to a size,
shape, material composition, material distribution, orienta-
tion, and arrangement of one or more of at least one structure
and at least one apparatus facilitating operation of one or
more of the structure and the apparatus 1n a predetermined
way.

As used herein, the singular forms *“a,” “an,” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise.

As used herein, “and/or” includes any and all combina-
tions of one or more of the associated listed items.

As used herein, the terms “longitudinal,” “vertical,” “lat-
eral,” and “horizontal” are in reference to a major plane of
a substrate (e.g., base material, base structure, base con-
struction, etc.) in or on which one or more structures and/or
features are formed and are not necessarily defined by
carth’s gravitational field. A “lateral” or “horizontal” direc-
tion 1s a direction that 1s substantially parallel to the major
plane of the substrate, while a “longitudinal” or “vertical”
direction 1s a direction that 1s substantially perpendicular to
the major plane of the substrate. The major plane of the
substrate 1s defined by a surface of the substrate having a
relatively large area compared to other surfaces of the
substrate.

As used herein, reference to a feature as being “over” an
additional feature means and includes the feature being
directly on top of, adjacent to (e.g., laterally adjacent to,
vertically adjacent to), underneath, or 1n direct contact with
the additional feature. It also includes the element being
indirectly on top of, adjacent to (e.g., laterally adjacent to,
vertically adjacent to), underneath, or near the additional
feature, with other features located therebetween. In con-
trast, when an element 1s referred to as being “on” another
clement, there are no intervening features therebetween.

As used herein, spatially relative terms, such as
“beneath,” “below,” “lower,” “bottom,” “above,” “upper,”
“top,” “Iront,” “rear,” “left,” “right,” and the like, may be
used for ease of description to describe one element’s or
teature’s relationship to another element(s) or feature(s) as
illustrated 1n the figures. Unless otherwise specified, the
spatially relative terms are intended to encompass different
orientations of the materials in addition to the orientation
depicted in the figures. For example, i materials 1n the
figures are inverted, elements described as “below™ or
“beneath” or “under” or “on bottom of” other elements or
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teatures would then be oriented “above” or “on top of” the
other elements or features. Thus, the term ‘“below” can
encompass both an orientation of above and below, depend-
ing on the context in which the term 1s used, which will be
evident to one of ordinary skill 1in the art. The materials may
be otherwise oriented (e.g., rotated 90 degrees, mverted,
tlipped, etc.) and the spatially relative descriptors used
herein interpreted accordingly.

As used herein, the term “substantially” 1n reference to a
given parameter, property, or condition means and includes
to a degree that one of ordinary skill in the art would
understand that the given parameter, property, or condition
1s met with a degree of variance, such as within acceptable
tolerances. By way of example, depending on the particular
parameter, property, or condition that 1s substantially met,
the parameter, property, or condition may be at least 90.0
percent met, at least 95.0 percent met, at least 99.0 percent
met, at least 99.9 percent met, or even 100.0 percent met.

As used herein, “about” or “approximately” in reference
to a numerical value for a particular parameter 1s inclusive
of the numerical value and a degree of variance from the
numerical value that one of ordinary skill 1in the art would
understand 1s within acceptable tolerances for the particular
parameter. For example, “about” or “approximately” in
reference to a numerical value may include additional
numerical values within a range of from 90.0 percent to
110.0 percent of the numerical value, such as within a range
of from 95.0 percent to 105.0 percent of the numerical value,
within a range of from 97.5 percent to 102.5 percent of the
numerical value, within a range of from 99.0 percent to
101.0 percent of the numerical value, within a range of from
99.5 percent to 100.5 percent of the numerical value, or
within a range of from 99.9 percent to 100.1 percent of the
numerical value.

Unless the context indicates otherwise, the materials
described herein may be formed by any suitable process
including, but not limited to, spin coating, blanket coating,
chemical vapor deposition (“CVD”), atomic layer deposi-
tion (“ALD”), plasma enhanced ALD, physical vapor depo-
sition (“PVD”) (including sputtering, evaporation, ionized
PVD, and/or plasma-enhanced CVD), or epitaxial growth.
Depending on the specific material to be formed, the tech-
nique for depositing or growing the material may be selected
by a person of ordinary skill 1n the art. In addition, unless the
context 1ndicates otherwise, the removal of matenals
described herein may be accomplished by any suitable
process including, but not limited to, etching (e.g., dry
etching, wet etching, vapor etching), 1on milling, abrasive
planarization, or other known methods.

FIGS. 1 through 11 are simplified partial cross-sectional
views illustrating embodiments of a method of forming a
semiconductor device structure (e.g., a memory device
structure, such as a DRAM structure) for a semiconductor
device (e.g., a memory device, such as a DRAM device).
With the description provided below, 1t will be readily
apparent to one of ordinary skill in the art that the methods
described herein may be used in various devices. In other
words, the methods of the disclosure may be used whenever
it 1s desired to form a semiconductor device.

Referring to FIG. 1, a semiconductor device structure 100
may be formed to include semiconductive pillars 102, digit
lines 104 (e.g., data lines, bit lines) laterally intervening
between and separating the semiconductive pillars 102,
nitride caps 106 vertically overlying the digit lines 104,
semiconductive structures 122 vertically underlying the
digit lines 104, conductive interconnect structures 124 ver-
tically underlying the semiconductive structures 122, and
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laterally-extending stacks of a low-K dielectric material 108,
an oxide dielectric material 110, and a nitride dielectric
material 112 laterally intervening between and separating
the semiconductive pillars 102 and the digit lines 104, the
nitride caps 106, and the semiconductive structures 122. In
addition, as shown in FIG. 1, the digit lines 104 may be
formed to include active digit lines 104A and passive digit
lines 104B. The active digit lines 104A are formed to be 1n
clectrical communication with the conductive interconnect
structures 124 thereunder by way of the semiconductive
structures 122 thereunder. The passive digit lines 104B are
formed to be electrically 1solated from the conductive 1nter-
connect structures 124 thereunder by way of 1solation struc-
tures 120 formed to vertically intervene between the semi-
conductive structures 122 vertically underlying the passive
digit lines 104B and the conductive interconnect structures
124 thereunder.

The semiconductive pillars 102 may each individually be
formed of and include a semiconductive material including,
but not limited to, one or more of a silicon material, a
silicon-germanium material, a germanium material, a gal-
lium arsenide material, a galllum nitride maternial, and an
indium phosphide material. In some embodiments, the semi-
conductive pillars 102 are formed of and include at least one
silicon material. As used herein, the term “‘silicon material”
means and includes a material that includes elemental sili-
con or a compound of silicon. The semiconductive pillars
102 may, for example, each individually be formed of and
include monocrystalline silicon, polycrystalline silicon, or
combinations thereof. In some embodiments, the semicon-
ductive pillars 102 each comprise polycrystalline silicon.
Following subsequent processing, the semiconductive pil-
lars 102 may serve as memory cell (e.g., DRAM cell)
contact (e.g., common referred to in the art as *“cell con™)
structures, as described i1n further detail below.

The digit lines 104, including the active digit lines 104 A
and the passive digit lines 104B, may each individually be
formed of and include an electrically conductive material
including, but not limited to, one or more of a metal (e.g.,
tungsten, titanium, nickel, platinum, gold), a metal alloy, a
metal-containing material (e.g., metal nitrides, metal sili-
cides, metal carbides, metal oxides), and a conductively-
doped semiconductor material (e.g., conductively-doped
silicon, conductively-doped germanium, conductively-
doped silicon germanium). By way of non-limiting example,
the digit lines 104 may 1individually comprise one or more of
titanium nitride (TiN), tantalum mnitride (TaN), tungsten
nitride (WN), titantum aluminum nitride (T1AIN), elemental
titanium (11), elemental platinum (Pt), elemental rhodium
(Rh), elemental iridium (Ir), irndium oxide (IrO, ), elemental
ruthenium (Ru), ruthenium oxide (RuO ), and alloys thereof.
As shown 1n FIG. 1, each of the semiconductive pillars 102
may include two (2) of the digit lines 104 flanking opposing,
sides thereof. For example, each semiconductive pillar 102
may include one of the active digit lines 104A laterally
neighboring a first side thereot, and one of the passive digit
lines 104B laterally neighboring a second side thereof
opposing the first side.

The nitride caps 106 may each individually be formed of
and include a dielectric nitride material, such as silicon
nitride (S1;N,). In additional embodiments, a different
dielectric material (e.g., an oxide dielectric material, an
oxynitride dielectric material, a carbonitride dielectric mate-
rial, a carboxynitride dielectric material) may be employed
in place of or in conjunction with the dielectric nitride
material. The nitride caps 106 may each be formed to have
a desired height H (e.g., vertical dimension 1n the Z-direc-
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tion). The height H of the nitride caps 106 may, for example,
be within a range of from about 50 nanometers (nm) to about
100 nm, such as from about 60 nm to about 100 nm. In some
embodiments, the height H of each of the nitride caps 106
1s about 60 nm. The nitride caps 106 vertically extend
beyond uppermost boundaries of the semiconductive pillars
102, such that upper surfaces 116 of the nitride caps 106 are
substantially non-coplanar (e.g., uneven) with upper sur-
faces 114 of the semiconductive pillars 102.

With continued reference to FIG. 1, the low-K dielectric
material 108 may be formed on or over side surfaces (e.g.,
sidewalls) of the digit lines 104, the nitride caps 106, and the
semiconductive structures 122. The low-K dielectric mate-
rial 108 may be formed of and include at least one dielectric
maternial having a lower dielectric constant (K) than S1;N_,
and having etch selectivity relative at least to the oxide
dielectric material 110. As described in further detail below,
portions of the oxide dielectric material 110 may be selec-
tively removed relative to the low-K dielectric material 108.
By way of non-limiting example, the low-K dielectric mate-
rial 108 may comprise one or more of silicon oxycarbide
(510,C)), silicon oxynitride (S1O,N,), hydrogenated silicon
oxycarbide (S1C O Hz), and silicon oxycarbonitride (Si-
O,C,N,). Formulae including one or more of “x”, “y”, and

“z” above (e.g., S10,C,, SiO.N,, S1C O Hz, Si10,C N, )
represent a material that contains an average ratio of “x”
atoms of one element, “y”” atoms of another element, and *“z”
atoms of an additional element (if any) for every one atom
of silicon (S1). As the formulae are representative of relative
atomic ratios and not strict chemical structure, the low-K
dielectric material 108 may comprise one or more stoichio-
metric compounds and/or one or more non-stoichiometric
compounds, and values of “x”, “y”, and “z” (1f any) may be
integers or may be non-integers. As used herein, the term
“non-stoichiometric compound” means and includes a
chemical compound with an elemental composition that
cannot be represented by a ratio of well-defined natural
numbers and 1s 1 violation of the law of definite propor-
tions. In some embodiments, the low-K dielectric material
108 comprises 510, C N_. In addition, the low-K dielectric
material 108 may be formed to any desired thickness (e.g.,
lateral dimension 1n the X-direction), such as a thickness less
than or equal to about 5 nm, such as within a range of from
about 1 nm to about 3 nm, or about 2 nm. The low-K
dielectric material 108 may facilitate improved electrical
properties (e.g., less current resistance) relative to S1,N,,
and may also exhibit improved continuity relative to S1,N,
at smaller thicknesses (e.g., thickness less than about 4 nm,
such as within a range of from about 1 nm to about 3 nm,
or about 2 nm) to better protect the conductive material (e.g.,
metal) of at least the digit lines 104 during subsequent
material removal (e.g., etching) processes. In additional
embodiments, a diflerent dielectric material (e.g., a nitride
dielectric material, such as S1,N,) may be employed 1n place
of the low-K dielectric material 108, so long as portions of
the oxide dielectric material 110 may be selectively removed
relative to the different dielectric matenal.

The oxide dielectric material 110 may be formed on or
over surfaces of the low-K dielectric material 108. The oxide
dielectric material 110 may be formed of and include one or
more oxide dielectric materials having etch selectivity rela-
tive to the low-K dielectric material 108 and the nitride
dielectric material 112. As described 1n further detail below,
portions of the oxide dielectric material 110 may be selec-
tively removed relative to the low-K dielectric material 108
and the nitride dielectric material 112. By way of non-

limiting example, the oxide dielectric material 110 may
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comprise one or more of silicon dioxide (S10,), aluminum
oxide (Al,O,), phosphosilicate glass, borosilicate glass,
borophosphosilicate glass, and fluorosilicate glass. In some
embodiments, the oxide dielectric material 110 comprises
S10,. In additional embodiments, a different dielectric mate-
rial (e.g., a nitride dielectric material, an oxynitride dielec-
tric material, a carbonitride dielectric material, a carboxyni-
tride dielectric material) may be employed 1n place of the
oxide dielectric material 110, so long as the different dielec-
tric material has etch selectivity relative to the low-K
dielectric material 108 and the nitride dielectric material
112. In addition, the oxide dielectric material 110 may be
formed to any desired thickness (e.g., lateral dimension 1n
the X-direction), such as a thickness less than or equal to
about 10 nm, less than or equal to about 6 nm, or less than
or equal to about 4 nm.

The nitride dielectric material 112 may be formed on or
over surfaces of the oxide dielectric material 110. The nitride
dielectric material 112 may laterally intervene between the
oxide dielectric material 110 and the semiconductive pillars
102. The nitride dielectric material 112 may be formed of
and include one or more nitride dielectric materials having
ctch selectivity relative to the oxide dielectric material 110.
As described 1n further detail below, portions of the oxide
dielectric material 110 may be selectively removed relative
to the nitride dielectric material 112. A material composition
of the nitride dielectric material 112 may be substantially the
same as or may be different than that of the nitride caps 106.
By way of non-limiting example, the nitride dielectric
material 112 may comprise Si,N,. In additional embodi-
ments, a different dielectric material (e.g., an oxide dielectric
material, an oxynitride dielectric material, a carbonitride
dielectric matenal, a carboxynitride dielectric material) may
be employed 1n place of the nitride dielectric material 112,
so long as portions of the oxide dielectric material 110 may
be selectively removed relative to the diflerent dielectric
material. In addition, the nitride dielectric material 112 may
be formed to any desired thickness (e.g., lateral dimension
in the X-direction), such as a thickness less than or equal to
about 10 nm, less than or equal to about 6 nm, or less than
or equal to about 4 nm.

As previously mentioned, the upper surfaces 114 of the
semiconductive pillars 102 are recessed relative to the upper
surfaces of the nitride caps 106. The upper surfaces 114 of
the semiconductive pillars 102 may be vertically oflset from
the upper surfaces of the nitride caps 106 by a first vertical
distance D, (e.g., depth) having a magnitude within a range
of from about one-fourth (1/4) to about one-third (13) the
height H of the nitride caps 106. By way of non-limiting
example, 1f the nitride caps 106 exhibit a height of about 60
nm, the first vertical distance D, between the upper surfaces
114 of the semiconductive pillars 102 and the upper surfaces
of the nitride caps 106 may be within a range of from about
15 nm to about 20 nm. In turn, a vertical distance between
the upper surfaces 114 of the semiconductive pillars 102 and
the upper surfaces of the digit lines 104 may account for a
remainder ol the height H of the nitride caps 106. By way
of non-limiting example, 1f the nitride caps 106 exhibit a
height of about 60 nm, the vertical distance between the
upper surfaces 114 of the semiconductive pillars 102 and the
upper surfaces of the digit lines 104 may be within a range
of from about 45 nm (e.g., 1f the vertical distance D, 1s about
15 nm) to about 40 nm (e.g., 1f the vertical distance D, 1s
about 20 nm). The upper surfaces 114 of the semiconductive
pillars 102 may, for example, be formed to be vertically
oflset from the upper surfaces 116 of the nitride caps 106 by
selectively etching back an initial semiconductive material
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having one or more upper surfaces more vertically proxi-
mate the upper surfaces 116 of the nitride caps 106. As
shown 1n FIG. 1, the upper surfaces 114 of the semiconduc-
tive pillars 102 may form floors of openings 118 (e.g.,
trenches, blind vias) laterally intervening (e.g., i the X-di-
rection) between laterally-neighboring nitride caps 106. The
openings 118 may, for example, be defined at least by the
upper surfaces 114 of the semiconductive pillars 102 and
exposed side surfaces (e.g., sidewalls) of the nitride dielec-
tric material 112 and the oxide dielectric material 110.

Referring next to FIG. 2, upper portions of the oxide
dielectric material 110 may be selectively removed to impart
the oxide dielectric material 110 with upper surfaces 117
recessed relative to the upper surfaces 114 of semiconduc-
tive pillars 102 and upper surfaces of the nitride dielectric
material 112. The recessed upper surfaces 117 of the oxide
dielectric material 110 may be vertically offset from the
upper surfaces of the nitride caps 106 by a second vertical
distance D, (e.g., depth) having a magnitude equal to the
first vertical distance D, plus from about one-fourth (¥4) to
about one-third (14) the height H of the nitride caps 106. By
way ol non-limiting example, if the height H of the nitride
caps 106 1s about 60 nm and the first vertical distance D,
between the upper surfaces 114 of the semiconductive pillars
102 and the upper surfaces 116 of the nitride caps 106 1s
about 20 nm, the second vertical distance D, between the
recessed upper surfaces 117 of the oxide dielectric material
110 and the upper surfaces 116 of the nitride caps 106 may
be within a range of from about 20 nm to about 40 nm. In
turn, a vertical distance between the recessed upper surfaces
117 of the oxide dielectric maternial 110 and the upper
surfaces of the digit lines 104 may account for a remainder
of the height H of the nitride caps 106. By way of non-
limiting example, if the height H of the nitride caps 106 1s
about 60 nm and the first vertical distance D, 1s about 20 nm,
the vertical distance between the recessed upper surfaces
117 of the oxide dielectric maternial 110 and the upper
surfaces of the digit lines 104 may be within a range of from
about 15 nm (e.g., 11 the second vertical distance D, 1s about
35 nm) to about 20 nm (e.g., if the second vertical distance
D, 1s about 40 nm).

The upper portions of the oxide dielectric material 110
may be selectively removed by treating the semiconductor
device structure 100 with at least one etchant (e.g., wet
ctchant) formulated to selectively remove exposed portions
of the oxide dielectric maternial 110 without substantially
removing exposed portions of the semiconductive pillars
102, the nitride caps 106, the low-K dielectric material 108,
and the nitride dielectric maternial 112. By way of non-
limiting example, the etchant may comprise one or more of
hydrofluoric acid (HF), a bullered oxide etchant (BOE), and
nitric acid (HNO,). In some embodiments, the etchant
comprises a solution including water and HF at a ratio within
a range of from about 500:1 to about 100:1. The semicon-
ductor device structure 100 may be exposed to the etchant
using conventional processes (€.g., a spin-coating process, a
spray-coating process, an immersion-coating process, a
vapor-coating process, a soaking process, combinations
thereol) and conventional processing equipment, which are
not described 1n detail herein.

Referring next to FIG. 3, an additional (e.g., second)
nitride dielectric material 128 may be formed on or over
exposed (e.g., uncovered, bare) surfaces of the semiconduc-
tor device structure 100 (e.g., exposed surfaces of the
semiconductive pillars 102, the nitride caps 106, the low-K
dielectric material 108, the oxide dielectric material 110, and
the nitride dielectric material 112). As shown 1n FIG. 3, the
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additional nitride dielectric material 128 may at least par-
tially (e.g., substantially) conform to a topography defined
by the surfaces (e.g., upper surfaces, side surfaces) upon
which the additional nitride dielectric material 128 1s
formed. The additional nitride dielectric material 128 may
be formed of and include one or more nitride dielectric
materials having etch selectivity relative to the oxide dielec-
tric material 110. A material composition of the additional
nitride dielectric material 128 may be substantially the same
as or may be diflerent than that of the nitride caps 106 and/or
the nitride dielectric material 112. By way of non-limiting,
example, the additional nitride dielectric material 128 may
comprise S1;N,. In additional embodiments, a different
diclectric material (e.g., an oxide dielectric material, an
oxynitride dielectric material, a carbonitride dielectric mate-
rial, a carboxynitride dielectric material) may be employed
in place of the additional nitride dielectric material 128, so
long as the different dielectric maternial has etch selectivity
relative to the oxide dielectric material 110. In addition, the
additional nitride dielectric material 128 may be formed to
any desired thickness, such as a thickness within a range of
from about 25 percent to about 40 percent of a diameter
(e.g., width) of each of the semiconductive pillars 102. For
example, 1f the semiconductive pillars 102 each have a width
of about 10 nm, the additional nitride dielectric material 128
may have a thickness within a range of from about 2.5 nm
to about 4 nm.

The additional nmitride dielectric material 128 may be
formed (e.g., conformally formed) using conventional pro-
cesses (e.g., conventional conformal deposition processes),
which are not described 1n detail herein. By way of non-
limiting example, the additional nitride dielectric material
128 may be formed by way of a conventional ALD process.

Referring next to FI1G. 4, portions of the additional nitride
dielectric material 128 (FIG. 3) overlying the semiconduc-
tive pillars 102 may be removed (commonly referred to in
the art as “punched through™), along with upper portions of
the semiconductive pillars 102, to form nitride dielectric
structures 130 and to modily (e.g., reduce a height of) the
semiconductive pillars 102 to exhibit recessed upper sur-
taces 132. The recessed upper surfaces 132 of the semicon-
ductive pillars 102 may be vertically oflset from the upper
surfaces of the nitride caps 106 by a third vertical distance
D, (e.g., depth) greater than the second vertical distance D,
(FIG. 3). Accordingly, the removal process may increase the
depth of the opemings 118. The recessed upper surfaces 132
of the semiconductive pillars 102 may be vertically posi-
tioned at or between vertical boundaries (e.g., upper sur-
taces, lower surfaces) of the digit lines 104. As shown 1n
FIG. 4, in some embodiments, the recessed upper surfaces
132 of the semiconductive pillars 102 are located vertically
proximate (e.g., are substantially coplanar with) the upper
surfaces of the digit lines 104. In additional embodiments,
the recessed upper surfaces 132 of the semiconductive
pillars 102 are vertically recessed relative to the upper
surfaces of the digit lines 104 and vertically elevated relative
to the lower surfaces of the digit lines 104.

Portions of the additional nitride dielectric material 128
(FIG. 3) and the semiconductive pillars 102 may be selec-
tively removed using conventional processes (e.g., conven-
tional material removal processes), which are not described
in detail herein. By way of non-limiting example, the
additional nitride dielectric material 128 (FIG. 3) and the
semiconductive pillars 102 may be subjected to anisotropic
etching (e.g., anisotropic dry etching, such as one or more of
reactive 1on etching (RIE), deep RIE, plasma etching, reac-
tive 1on beam etching, and chemically assisted 1on beam
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etching) to selectively remove portions thereof and form the
nitride dielectric structures 130 and the recessed upper
surfaces 132 of the semiconductive pillars 102.

Referring next to FIG. 5, a silicide material 133 may be

formed on or over the semiconductive pillars 102, and
redistribution material (RDM) structures 134 (also referred
to as “redistribution layer (RDL) structures™) may be formed
on or over the silicide material 133. The silicide material 133
may be configured and formulated to couple (e.g., physically
couple, electrically couple) the semiconductive material of
the semiconductive pillars 102 to the RDM structures 134.
By way of non-limiting example, the silicide material 133
may comprise one or more of cobalt silicide (CoSi1), tungsten
silicide (WS1), tantalum silicide (TaSi1), molybdenum sili-
cide (MoS1), nickel silicide (NiS1), and titanium silicide
(T1S1).
The RDM structures 134 may be configured to effectively
shift (e.g., stagger, adjust, modily) lateral positions (e.g., 1n
the X-direction) of the semiconductive pillars 102 to accom-
modate a desired arrangement (e.g., a hexagonal close-
packed arrangement) of storage node (e.g., capacitor) struc-
tures vertically over and 1n electrical communication with
the semiconductive pillars 102. The RDM structures 134
may each individually be formed of and include an electri-
cally conductive material including, but not limited to, one
or more of a metal (e.g., tungsten, titanium, nickel, platinum,
gold), a metal alloy, a metal-containing material (e.g., metal
nitrides, metal silicides, metal carbides, metal oxides), and a
conductively-doped semiconductor material (e.g., conduc-
tively-doped silicon, conductively-doped germanium, con-
ductively-doped silicon germanium). By way of non-limit-
ing example, the RDM structures 134 may individually
comprise one or more of TiN, TaN, WN, Ti1AIN, Ti1, Pt, Rh,
Ir, IrO_, Ru, RuO_, and alloys thereof.

As shown i FIG. 5, the RDM structures 134 may
partially {ill the openings 118 (FIG. 4) vertically overlying
the semiconductive pillars 102. Lower portions of the RDM
structures 134 may be positioned within the openings 118
(FI1G. 4), and on or over the silicide material 133 overlying
the upper surfaces of the semiconductive pillars 102. Upper
portions of the RDM structures 134 may be positioned
outside of the openings 118 (FIG. 4), and on or over upper
surfaces of at least the nitride caps 106, the low-K dielectric
material 108, and the nitride dielectric structures 130. In
addition, for each opening 118 (FIG. 4) the RDM structure
134 associated therewith may substantially cover side sur-
faces (e.g., sidewalls) of one of the laterally-neighboring
nitride dielectric structures 130 disposed with the openming
118 (FIG. 4) without substantially covering side surfaces
(e.g., sidewalls) of another of the laterally-neighboring
nitride dielectric structures 130 disposed with the opening
118 (FIG. 4). Accordingly, the RDM structures 134 may
partially define and be laterally separated by apertures 136
having centerlines laterally offset (e.g., 1n the X-direction)
from centerlines of the openings 118 (FIG. 4) within which
the RDM structures 134 are partially located. Each aperture
136 may, for example, individually exhibit a lower vertical
boundary (e.g., floor) and a first lateral boundary defined by
one (e.g., a first) of the RDM structures 134, and a second
lateral boundary defined by one of the nitride dielectric
structures 130 and another (e.g., a second) of the RDM

structures 134 vertically overlying the one of the mitride
dielectric structures 130.

The silicide maternial 133 and the RDM structures 134
may be formed using conventional processes (e.g., conven-
tional material deposition processes, conventional photo-
lithographic patterning processes, conventional material




US 11,239,240 B2

11

removal processes) and conventional processing equipment,
which are not described 1n detail herein.

Referring next to FIG. 6, the semiconductor device struc-
ture 100 may be subjected to at least one material removal
process to selectively remove portions of at least the nitride
dielectric structures 130, the oxide dielectric material 110,
and the nmitride dielectric material 112 accessible through the
apertures 136. As shown in FIG. 6, the material removal
process may remove portions of the nitride dielectric struc-
tures 130, the oxide dielectric material 110, and the nitride
dielectric material 112 not protected (e.g., not covered) by
the RDM structures 134. The material removal process may,
for example, etch back side surfaces of the nitride dielectric
structures 130, the oxide dielectric material 110, and the
nitride dielectric maternial 112 that are exposed or that
become exposed within the apertures 136. Accordingly, for
cach aperture 136, the material removal process may later-
ally expand one side (e.g., a side defined by one of the nitride
dielectric structures 130) of the aperture 136 to form an
undercut region 142 laterally extending under an upper
portion of one of the RDM structures 134, while not
substantially laterally expanding another side (e.g., a side
defined by another of the RDM structures 134) of the
aperture 136. The material removal process may expose
surfaces 146 of the oxide dielectric material 110 within the
apertures 136.

The portions of the nitride dielectric structures 130, the
oxide dielectric material 110, and the nitride dielectric
material 112 accessible through the apertures 136 may be
selectively removed by treating the semiconductor device
structure 100 with at least one etchant (e.g., wet etchant)
selective to the nitride dielectric structures 130, the oxide
dielectric material 110, and the nitride dielectric material 112
over the RDM structures 134. By way of non-limiting
example, the etchant may comprise one or more HF-based
ctchants. In some embodiments, the etchant comprises a
solution including water and HF at a ratio within a range of
from about 500:1 to about 100:1. The semiconductor device
structure 100 may be exposed to the etchant using conven-
tional processes (e.g., a spin-coating process, a spray-coat-
Ing process, an immersion-coating process, a vapor-coating
process, a soaking process, combinations thereol) and con-
ventional processing equipment, which are not described in
detail herein.

Referring next to FIG. 7, another (e.g., third) nitride
dielectric material 144 may be formed on or over exposed
(e.g., uncovered, bare) surfaces of the semiconductor device
structure 100 (e.g., exposed surfaces of the RDM structures
134, the nitride dielectric structures 130, the low-K dielec-
tric material 108, the oxide dielectric material 110, and the
nitride dielectric material 112). As shown i FIG. 7, the
another nitride dielectric material 144 may at least partially
(e.g., substantially) conform to a topography defined by the
surfaces (e.g., upper suriaces, side surfaces) upon which the
another mitride dielectric material 144 1s formed. The
another nitride dielectric material 144 may be formed of and
include one or more nitride dielectric materials having etch
selectivity relative to the oxide dielectric material 110. A
material composition of the another nitride dielectric mate-
rial 144 may be substantially the same as or may be diflerent
than that of the nitride caps 106, the nitride dielectric
material 112, and/or the nitride dielectric structures 130. By
way ol non-limiting example, the another nitride dielectric
material 144 may comprise Si;N,. In additional embodi-
ments, a different dielectric material (e.g., an oxide dielectric
material, an oxynitride dielectric material, a carbonitride
dielectric matenial, a carboxynitride dielectric material) may
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be employed 1n place of the another mitride dielectric mate-
rial 144, so long as the different dielectric material has etch
selectivity relative to the oxide dielectric material 110. In
addition, the another nitride dielectric material 144 may be
formed to any desired thickness, such as a thickness less
than or equal to about 10 nm, less than or equal to about 8
nm, or within a range of from about 4 nm to about 8 nm. In
some embodiments, the another nitride dielectric material
144 1s formed to a thickness of about 8 nm.

The another mitride dielectric material 144 may be formed
(e.g., conformally formed) using conventional processes
(e.g., conventional conformal deposition processes), which
are not described in detail herein. By way of non-limiting
example, the another nitride dielectric material 144 may be
formed by way of a conventional ALD process.

Referring next to FIG. 8, portions of the another nitride
dielectric material 144 overlying the oxide dielectric mate-
rial 110 within apertures 136 may be removed (e.g.,
“punched through™) to again expose (e.g., uncover) the
surtaces 146 of the oxide dielectric material 110 within the
apertures 136. Other portions (e.g., portions overlying the
RDM structures 134) of the another nitride dielectric mate-
rial 144 within the apertures 136 may be maintained. The
remaining portions of the another nitride dielectric material
144 may serve to protect the features thereunder during
subsequent processing (e.g., subsequent etching processes),
as described 1n further detail below.

The portions of the another nitride dielectric material 144
overlying the oxide dielectric material 110 within apertures
136 may be selectively removed using conventional pro-
cesses, which are not described 1n detail herein. By way of
non-limiting example, the another mitride dielectric material
144 may be subjected to anisotropic etching (e.g., anisotro-
pic dry etching, such as one or more of RIE, deep RIE,
plasma etching, reactive 1on beam etching, and chemically
assisted 1on beam etching) to selectively remove the portions
thereol overlying the oxide dielectric material 110 within
apertures 136.

Referring next to FIG. 9, portions of the oxide dielectric
material 110 accessible through the apertures 136 may be
selectively removed (e.g., exhumed) to form air gaps 148
laterally adjacent the digit lines 104. The air gaps 148 may
vertically extend from locations vertically above upper
surfaces of the digit lines 104 (but below upper surfaces of
the RDM structures 134, the nitride caps 106, and the nitride
dielectric structures 130) to locations vertically below lower
surfaces of the digit lines 104. As shown 1 FIG. 9, 1n some
embodiments the air gaps 148 vertically terminate at loca-
tions proximate the lower surfaces of the digit lines 104. As
such, at least some portions of the oxide dielectric material
110 positioned vertically below the lower surfaces of the
digit lines 104 may be maintained. In additional embodi-
ments, additional amounts (e.g., all; more, but less than the
all) of the oxide dielectric material 110 may be removed,
such that the air gaps 148 vertically terminate at locations
more distal from the lower surfaces of the digit lines 104.

The portions of the oxide dielectric material 110 acces-
sible through the apertures 136 may be selectively removed
by treating the semiconductor device structure 100 with at
least one etchant (e.g., wet etchant) formulated to selectively
remove the exposed portions of the oxide dielectric material
110 without substantially removing exposed portions of the
another nitride dielectric material 144, the RDM structures
134, the nitride dielectric structures 130, the nitride caps
106, the low-K dielectric material 108, and the nitride
dielectric material 112. By way of non-limiting example, the
ctchant may comprise one or more of HF, BOE, and HNO,.
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In some embodiments, the etchant comprises a solution
including water and HF at a ratio within a range of from
about 500:1 to about 100:1. The semiconductor device
structure 100 may be exposed to the etchant using conven-
tional processes (€.g., a spin-coating process, a spray-coat-
Ing process, an immersion-coating process, a vapor-coating
process, a soaking process, combinations thereol) and con-
ventional processing equipment, which are not described in
detail herein.

Referring next to FIG. 10, an 1solation material 150 may
be non-conformally formed over exposed surfaces of the
semiconductor device structure 100. As shown 1n FIG. 10
the 1solation material 150 may substantially fill remaining,
portions of the apertures 136 (FIG. 9) without substantially
filling the air gaps 148. Accordingly, the air gaps 148 may
remain laterally adjacent the digit lines 104 following the
formation of the 1solation material 150. The 1solation mate-
rial 150 may comprise at least one dielectric material, such
as one or more of a dielectric oxide material (e.g., silicon
dioxide; phosphosilicate glass; borosilicate glass; borophos-
phosilicate glass; fluorosilicate glass; aluminum oxide;
high-k oxides, such as HiO_; a combination thereof), a
dielectric nitride material (e.g., SIN) a dielectric an oxyni-
tride matenal (e.g., S1ON), a dielectric carbonitride material
(e.g., SICN), and a dielectric carboxynitride material (e.g.,
S10CN), and amphorous carbon. A material composition of
the 1solation material 150 may be substantially the same as
or may be different than that of one or more of the nitride
caps 106, the low-K dielectric material 108, the oxide
dielectric material 110, the nitride dielectric material 112,
the nitride dielectric structures 130, and the another nitride
dielectric material 144.

The 1solation material 150 may be formed using conven-
tional processes (e.g., conventional deposition processes)
and conventional processing equipment, which are not
described 1n detail herein. For example, the 1solation mate-
rial 150 may be formed on or over portions of the exposed
surfaces of the semiconductor device structure 100 using
one or more conventional non-conformal deposition pro-
cesses (e.g., a non-conformal PVD process).

Following the formation of the 1solation material 150, the
semiconductor device structure 100 may be subjected to
additional processing, as desired. For example, referring to
FIG. 11, storage node structures 152 (e.g., capacitor struc-
tures) may be formed vertically over and in electrical
communication with the RDM structures 134. Such addi-
tional processing may employ conventional processes and
conventional processing equipment, and therefore 1s not
described 1n detail herein.

Thus, 1n accordance with embodiments of the disclosure,
a method of forming a semiconductor device comprises
forming a semiconductive device structure comprising semi-
conductive pillars, digit lines between the semiconductive
pillars, nitride caps overlying the digit lines and having
upper surfaces oflset from upper surfaces of the semicon-
ductive pillars, and dielectric stacks extending between the
semiconductive pillars and the digit lines and each compris-
ing a low-K dielectric maternial, an oxide material, and a
nitride material. Nitride structures are formed over surfaces
of the nitride caps and the oxide material. Redistribution
material structures are formed over exposed surfaces of the
semiconductive pillars, the nitride structures, and the mitride
caps. Portions of the mitride structures not covered by the
redistribution material structures are selectively removed to
partially uncover the oxide material. Another mitride mate-
rial 1s formed over exposed surfaces of the redistribution
material structures, the nitride structures, and the oxide
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material. Portions of the another nitride material overlying
the oxide material are selectively removed. Portions of the
oxide material are selectively removed to form air gaps
between the digit lines and remainders of the semiconduc-
tive pillars. An 1solation material 1s formed over exposed
surtaces ol the redistribution material structures and the
another nitride material while substantially maintaining the
air gaps.

Furthermore, a semiconductor device according to
embodiments of the disclosure comprises semiconductive
pillars; digit lines laterally between the semiconductive
pillars; nitride caps vertically overlying the digit lines;
nitride structures overlying surfaces of the nitride caps;
redistribution material structures comprising upper portions
overlying upper surfaces of the nitride caps and the nmitride
structures, and lower portions overlying upper surfaces of
the semiconductive pillars; a low-K dielectric material lat-
crally between the digit lines and the semiconductive pillars;
air gaps laterally between the low-K dielectric material and
the semiconductive pillars, and having upper boundaries
below the upper surfaces of the nitride caps; and a nitride
dielectric material laterally between the air gaps and the
semiconductive pillars.

FIG. 12 illustrates a functional block diagram of a
memory device 200, in accordance with an embodiment of
the disclosure. The memory device 200 may include, for
example, an embodiment of the semiconductor device struc-
ture 100 previously described herein. As shown 1n FIG. 12,
the memory device 200 may include memory cells 202, digit
lines 204 (e.g., bit lines), word lines 206 (e.g., access lines),
a row decoder 208, a column decoder 210, a memory
controller 212, a sense device 214, and an input/output
device 216.

The memory cells 202 of the memory device 200 are
programmable to at least two different logic states (e.g.,
logic 0 and logic 1). Each memory cell 202 may individually
include a capacitor and transistor (e.g., a pass transistor).
The capacitor stores a charge representative of the program-
mable logic state (e.g., a charged capacitor may represent a
first logic state, such as a logic 1; and an uncharged capacitor
may represent a second logic state, such as a logic 0) of the
memory cell 202. The transistor grants access to the capaci-
tor upon application (e.g., by way of one of the word lines
206) of a mimmmum threshold voltage to a semiconductive
channel thereof for operations (e.g., reading, writing, rewrit-
ing) on the capacitor.

The digit lines 204 are connected to the capacitors of the
memory cells 202 by way of the transistors of the memory
cells 202. The word lines 206 extend perpendicular to the
digit lines 204, and are connected to gates of the transistors
of the memory cells 202. Operations may be performed on
the memory cells 202 by activating appropriate digit lines
204 and word lines 206. Activating a digit line 204 or a word
line 206 may include applying a voltage potential to the digit
line 204 or the word line 206. Each column of memory cells
202 may idividually be connected to one of the digit lines
204, and each row of the memory cells 202 may individually
be connected to one of the word lines 206. Individual
memory cells 202 may be addressed and accessed through
the mtersections (e.g., cross points) of the digit lines 204 and
the word lines 206.

The memory controller 212 may control the operations of
memory cells 202 through various components, including
the row decoder 208, the column decoder 210, and the sense
device 214. The memory controller 212 may generate row
address signals that are directed to the row decoder 208 to
activate (e.g., apply a voltage potential to) predetermined
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word lines 206, and may generate column address signals
that are directed to the column decoder 210 to activate (e.g.,
apply a voltage potential to) predetermined digit lines 204.
The memory controller 212 may also generate and control

various voltage potentials employed during the operation of 53

the memory device 200. In general, the amplitude, shape,
and/or duration of an applied voltage may be adjusted (e.g.,
varied), and may be different for various operations of the
memory device 200.

During use and operation of the memory device 200, after
being accessed, a memory cell 202 may be read (e.g.,
sensed) by the sense device 214. The sense device 214 may
compare a signal (e.g., a voltage) of an appropriate digit line
204 to a reference signal 1n order to determine the logic state
of the memory cell 202. If, for example, the digit line 204
has a higher voltage than the reference voltage, the sense
device 214 may determine that the stored logic state of the
memory cell 202 1s a logic 1, and vice versa. The sense
device 214 may include transistors and amplifiers to detect
and amplify a difference 1n the signals (commonly referred
to 1n the art as “latching”). The detected logic state of a
memory cell 202 may be output through the column decoder
210 to the mput/output device 216. In addition, a memory
cell 202 may be set (e.g., written) by similarly activating an
appropriate word line 206 and an appropriate digit line 204
of the memory device 200. By controlling the digit line 204
while the word line 206 1s activated, the memory cell 202
may be set (e.g., a logic value may be stored in the memory
cell 202). The column decoder 210 may accept data from the
input/output device 216 to be written to the memory cells
202. Furthermore, a memory cell 202 may also be refreshed
(e.g., recharged) by reading the memory cell 202. The read
operation will place the contents of the memory cell 202 on
the appropniate digit line 204, which 1s then pulled up to full
level (e.g., Tull charge or discharge) by the sense device 214.
When the word line 206 associated with the memory cell
202 1s deactivated, all of memory cells 202 1n the row
associated with the word line 206 are restored to full charge
or discharge.

Thus, a memory device according to embodiments of the
disclosure comprises a memory controller, a row decoder, a
column decoder, word lines, digit lines, memory cells, cell
contact structures, nitride structures, redistribution struc-
tures, a low-K dielectric matenal, air gaps, and a nitride
dielectric material. The row decoder 1s operably coupled to
the memory controller. The column decoder 1s operably
coupled to the memory controller. The word lines are
operably coupled to the row decoder. The digit lines extend
to and are operably coupled to the column decoder. The
memory cells are positioned at intersections of the word
lines and the digit lines, and comprise capacitors and tran-
sistors electrically connected to the capacitors. The cell
contact structures are laterally between the digit lines. The
redistribution structures are operably coupled to and extend
between the cell contact structures and capacitors of the
memory cells. The redistribution structures comprise upper
portions overlying upper surfaces of the nitride structures,
and lower portions overlying upper surfaces of the cell
contact structures. The low-K dielectric material 1s laterally
between the digit lines and the cell contact structures. The air
gaps are laterally between the low-K dielectric material and
the cell contact structures, and have upper boundaries below
the upper surfaces of the nitride structures. The nitride
dielectric material 1s laterally between the air gaps and the
cell contact structures.

Semiconductor device structures (e.g., the semiconductor
device structure 100) and semiconductor devices (e.g., the
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memory device 200) in accordance with embodiments of the
disclosure may be used 1n embodiments of electronic sys-
tems of the disclosure. For example, FIG. 13 1s a block
diagram of an 1llustrative electronic system 300 according to
embodiments of disclosure. The electronic system 300 may
comprise, for example, a computer or computer hardware
component, a server or other networking hardware compo-
nent, a cellular telephone, a digital camera, a personal digital
assistant (PDA), portable media (e.g., music) player, a Wi-Fi
or cellular-enabled tablet such as, for example, an 1Pad® or
SURFACE® tablet, an electronic book, a navigation device,
etc. The electronic system 300 includes at least one memory
device 302. The memory device 302 may comprise, for
example, an embodiment of one or more of a semiconductor
device structure (e.g., semiconductor device structure 100)
and a semiconductor device (e.g., the memory device 200)
previously described herein. The electronic system 300 may
further include at least one electronic signal processor
device 304 (often referred to as a “microprocessor”). The
clectronic signal processor device 304 may, optionally,
include an embodiment of a semiconductor device structure
(e.g., semiconductor device structure 100) and a semicon-
ductor device (e.g., the memory device 200) previously
described herein. The electronic system 300 may further
include one or more input devices 306 for inputting infor-
mation into the electronic system 300 by a user, such as, for
example, a mouse or other pointing device, a keyboard, a
touchpad, a button, or a control panel. The electronic system
300 may further include one or more output devices 308 for
outputting information (e.g., visual or audio output) to a user
such as, for example, a monitor, a display, a printer, an audio
output jack, a speaker, etc. In some embodiments, the mput
device 306 and the output device 308 may comprise a single
touchscreen device that can be used both to 1input informa-
tion to the electronic system 300 and to output wvisual
information to a user. The mput device 306 and the output
device 308 may commumnicate electrically with one or more
of the memory device 302 and the electronic signal proces-
sor device 304.

Thus, an electronic system according to embodiments of
the disclosure comprises an 1nput device, an output device,
a processor device operably coupled to the mput device and
the output device, and a memory device operably coupled to
the processor device. The memory device comprises a
semiconductive device structure comprising laterally alter-
nating semiconductive pillars and digit lines, a low-K
dielectric maternial intervening between the digit lines and
the semiconductive pillars, air gaps intervening between the
low-K dielectric material and the semiconductive pillars, a
nitride dielectric material intervening between the air gaps
and the semiconductive pillars, nitride dielectric structures
vertically overlying the digit lines and having uppermost
boundaries vertically above uppermost boundaries of the air
gaps, and conductive redistribution structures electrically
connecting the semiconductive pillars to capacitors. Upper
portions of the conductive redistribution structures vertically
overlie the uppermost boundaries of the nitride dielectric
structures, and lower portions of the conductive redistribu-
tion structures vertically overlie uppermost boundaries of
the semiconductive pillars.

The methods of the disclosure may facilitate the forma-
tion of semiconductor devices (e.g., memory devices, such
as DRAM devices) and systems (e.g., electronic systems)
having one or more of increased performance, increased
elliciency, increased reliability, and increased durability as
compared to conventional semiconductor devices (e.g., con-
ventional memory devices, such as conventional DRAM
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devices) and conventional systems (e.g., conventional elec-
tronic systems). For example, the methods of the disclosure
may facilitate the formation of air gaps laterally adjacent to
digit lines to eflectuate a reduction 1n undesirable capacitive
coupling, while also protecting electrically conductive fea-
tures (e.g., RDM structures) from being undesirably etched
during the formation of the air gaps so as to preserve the
integrity of both the electrically conductive features and the
air gaps. Protecting the electrically conductive features from
being etched (e.g., by way of the nitride structures and
materials of the disclosure) during the formation of the air
gaps may, for example, substantially prevent the conductive
material thereof from being deposited within the air gaps,
which may otherwise increase the risk of electrical shorts.
The nitride structures (e.g., the nitride dielectric structures
130) of the disclosure may also provide enhanced support
for the RDM structures (e.g., the RDM structures 134) of the
disclosure, mitigating or preventing undesirable structural
distortions (e.g., bending) 1n the semiconductor devices of
the disclosure.

While the disclosure 1s susceptible to various modifica-
tions and alternative forms, specific embodiments have been
shown by way of example 1n the drawings and have been
described 1n detail herein. However, the disclosure 1s not
intended to be limited to the particular forms disclosed.
Rather, the disclosure 1s to cover all modifications, equiva-
lents, and alternatives falling within the scope of the dis-
closure as defined by the following appended claims and
their legal equivalents.

What 1s claimed 1s:
1. A method of forming a semiconductor device, com-
prising:
forming a semiconductive device structure comprising
semiconductive pillars, digit lines between the semi-
conductive pillars, nitride caps overlying the digit lines
and having upper surfaces oflset from upper surfaces of
the semiconductive pillars, and dielectric stacks
extending between the semiconductive pillars and the
digit lines and each comprising a low-K dielectric
material, an oxide material, and a nitride matenal;

forming nitride structures over surtaces of the nitride caps
and the oxide matenal;

forming redistribution material structures over exposed

surfaces of the semiconductive pillars, the nitride struc-
tures, and the nitride caps;

selectively removing portions of the nitride structures not

covered by the redistribution material structures to
partially uncover the oxide matenal;

forming another nitride material over exposed surfaces of

the redistribution material structures, the nitride struc-
tures, and the oxide material;

selectively removing portions of the another mitride mate-

rial overlying the oxide matenal;

selectively removing portions of the oxide material to

form air gaps between the digit lines and remainders of
the semiconductive pillars; and

forming an 1solation material over exposed surfaces of the

redistribution material structures and the another
nitride material while substantially maintaining the air
gaps.

2. The method of claim 1, wherein forming a semicon-
ductive device structure comprises forming the upper sur-
taces of the semiconductive pillars to be vertically recessed
relative to the upper surfaces of the nitride caps by a distance
within a range of from about one-fourth to about one-third
a height of the nitride caps.
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3. The method of claim 1, further comprising selecting the
low-K dielectric material to comprise one or more of

510,C,, SiIO.N,, S1C O H,, and S10,C N_

4. The method of claim 1, wherein forming nitride struc-
tures over surfaces of the nitride caps and the oxide material
COmprises:

recessing the oxide material relative to the upper surfaces

of the semiconductive pillars;

forming an additional mitride material over exposed sur-

faces of the semiconductive pillars, the nitride caps, the
low-K dielectric material, the oxide material, and the
nitride material; and

removing portions of the additional nitride material and

the semiconductive pillars to form the nitride structures
and further recess the semiconductive pillars.

5. The method of claim 4, wherein recessing the oxide
materal relative to the upper surfaces of the semiconductive
pillars comprises selectively removing an upper portion of
the oxide matenial to vertically recess upper surfaces of the
oxide material from the upper surfaces of the semiconduc-
tive pillars by a distance within a range of from about
one-fourth to about one-third a height of the nitride caps.

6. The method of claim 4, wherein forming an additional
nitride material over exposed surfaces of the semiconductive
pillars, the nitride caps, the low-K dielectric matenial, the
oxide material, and the nitride material comprises confor-
mally forming the additional nitride material over the
exposed surfaces of the semiconductive pillars, the nitride
caps, the low-K dielectric matenial, the oxide material, and
the nitride matenial.

7. The method of claim 4, wherein removing portions of
the additional nitride material and the semiconductive pillars
comprises selectively anisotropically etching portions of the
additional nitride matenial overlying the semiconductive
pillars and upper portions of the semiconductive pillars
thereunder.

8. The method of claim 1, wherein forming redistribution
material structures over exposed surfaces of the semicon-
ductive pillars, the nitride structures, and the mitride caps
comprises forming the redistribution material structures to
exhibit lower portions overlying upper boundaries of the
semiconductive pillars and upper portions laterally offset
from the lower portions and overlying upper boundaries of
the nitride structures and the nitride caps.

9. The method of claim 8, wherein selectively removing
portions of the nitride structures not covered by the redis-
tribution material comprises forming undercut regions lat-
crally extending underneath the upper portions of the redis-
tribution material structures.

10. The method of claim 1, wherein forming another
nitride material over exposed surfaces of the redistribution
material structures, the nitride structures, and the oxide
material comprises conformally depositing the another
nitride material over the exposed surfaces of the redistribu-
tion material structures, the nitride structures, and the oxide
material.

11. The method of claim 1, wherein selectively removing
portions of the another nmitride matenal overlying the oxide
material comprises selectively anisotropically dry etching
the portions of the another nitride matenal.

12. The method of claim 1, wherein selectively removing
portions of the oxide material to form air gaps between the
digit lines and remainders of the semiconductive pillars
comprises forming the air gaps to vertically extend from
upper boundaries below the upper surfaces of the nitride
caps to lower boundaries below lower surfaces of the digit
lines.
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13. The method of claim 1, wherein forming an 1solation
maternal over exposed surfaces of the redistribution matenal
structures and the another nitride material while substan-
tially maintaiming the air gaps comprises non-conformally
depositing the 1solation material.

14. The method of claim 1, further comprising forming
capacitors over and in electrical contact with uppermost
surtaces of the redistribution material structures.

15. A method of forming a semiconductor device, com-
prising:

forming a semiconductive device structure, the semicon-

ductive device structure comprising:

semiconductive pillars;

digit lines between the semiconductive pillars;

nitride caps on upper surfaces of the digit lines;

low-K dielectric structures on side surfaces of the digit

lines and the nitride caps;

oxide dielectric structures on side surfaces of the low-K

dielectric structures; and

nitride dielectric structures extending from and between

opposing side surfaces of the oxide dielectric structures
and the semiconductive pillars;

recessing the oxide dielectric structures;

forming a nitride dielectric material on the semiconduc-

tive pillars, the nitride caps, the low-K dielectric struc-
tures, the recessed oxide dielectric structures, and the
nitride dielectric structures;

removing portions ol the nitride dielectric material and

portions of the semiconductive pillars to form addi-
tional dielectric nitride structures and recess the semi-
conductive pillars;

forming redistribution material structures on the recessed

semiconductive pillars, the additional dielectric mitride
structures, and the nitride caps; and

removing portions of the recessed oxide dielectric struc-

tures to form air gaps between the digit lines and the
recessed semiconductive pillars.

16. The method of claim 15, further comprising forming
silicide structures on the recessed semiconductive pillars
prior to forming the redistribution material structures.

17. The method of claim 16, wherein forming redistribu-
tion material structures comprises forming the redistribution
maternal structures to comprise vertically lower portions on
the silicide structures and vertically upper portions partially
horizontally offset from the vertically lower portions and on
upper surfaces of the additional dielectric nitride structures,
the low-K dielectric structures, and the nitride caps.

18. The method of claim 17, wherein removing portions
of the recessed oxide dielectric structures comprises:

forming an additional nitride dielectric material on

exposed surfaces of the redistribution material struc-
tures, the additional dielectric nitride structures, and the
recessed oxide dielectric structures;
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selectively removing portions of the additional nitride
dielectric material on the recessed oxide dielectric

structures; and

selectively removing the portions of the recessed oxide
dielectric structures.

19. The method of claim 18, further comprising forming

a dielectric maternial over exposed surfaces of the redistri-
bution maternal structures and the additional nitride dielec-
tric material while at least partially maintaining the air gaps.
20. A method of forming a semiconductor device, com-
prising:
forming a semiconductive device structure comprising
semiconductive pillars, digit lines horizontally alternat-
ing with the semiconductive pillars, dielectric nitride
caps vertically overlying the digit lines, a dielectric
nitride material horizontally neighboring the semicon-
ductive pillars, a dielectric oxide material horizontally
neighboring the dielectric nitride material, and low-K
dielectric material horizontally interposed between the
dielectric oxide material and the digit lines;
recessing the dielectric oxide material relative to upper
surfaces of the semiconductive pillars;
forming an additional dielectric nitride material over
exposed surfaces of the semiconductive pillars, the
dielectric nitride caps, the low-K dielectric material, the
dielectric oxide material, and the dielectric nitride
material;
removing portions of the additional dielectric nitride
material and the semiconductive pillars to form dielec-
tric nitride structures and recess the semiconductive
pillars.
forming dielectric nitride structures on surfaces of the
dielectric nitride caps and the dielectric oxide matenial;
forming conductive structures over surfaces of the semi-
conductive pillars, the dielectric nitride structures, and
the dielectric nitride caps;
removing portions of the dielectric nitride structures not
covered by the conductive structures to partially
uncover the dielectric oxide maternal;
forming a further dielectric nitride material over surfaces
of the conductive structures, the dielectric nitride struc-
tures, and the dielectric oxide matenal;
removing portions of the further dielectric nitride material
overlying the dielectric oxide matenial;
selectively removing portions of the dielectric oxide
material to form air gaps horizontally between the digit
lines and remaining portions of the semiconductive
pillars; and
forming a dielectric material over surfaces of the conduc-
tive structures and the further nitride material while
substantially maintaining the air gaps.
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